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SUMMARY \

This paper is a critical review of calculations of absorption
factors in the atmosphere oxygen of radiowaves in centimeter and micro-
wave bands. The absorption factor of O, at sea level is calculated in
A 2.,2mm— 10cm wavelength with the shape of the line obtained from
the solution of the kinetic equation. From the comparison of the computed
arsorption factor with the e:verimental ome in the A2 4,3— 6.7 mm wave-
length rerion the mean value has been found of the half-width of the spec-
tral line AVx+ =0.81 G cpsar P = 760 mm Hg.* For a polytropic model of the
atmosphere the equivalent path length H of radiowaves in oxygen beyond re-
sonance was obtained equal to 5.1 = 5.3 km, In the resonance region
A2z Srmm, the quantity H can acquire values ~ 8 — 21km.

x
s *

The weakening of centimeter and microwaves in the atmosphere is
to a significant degree determined by absorption of oxygen and water vapor
molecules. The absorption factor of water vapor was computed by us in the
works [1 — 3]. In the present paper we shall discuss the methods of compu-
tation of 02 absorption factor.

The first calculations of oxygen absorption factor were completed
by Van Vleck [4] in 1947. During the time elapsed since then the Van
Vleck theory underwent no principle variations of any sort, although the

* K RASCHETU KOEFFITSIENTA POGLOSHCHENIYA SANTIMERRSVYRH I MILLIMETROVYKH
RiADIOVOLN V. AYMOSFERNOM XISIORODE 9

*[G will be used sometimes to denote "giga" or 10
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results of [(4]were more than once polished up ané made more precise

{5 — 8]. The opinion existed [9 - 12] that the computed absorption factor
for O is in good agreement with the expei'iment and does not reveal
"anomalies", inherent for example to the absorption factor of water vapor
(this, incidently, is dealt with at further length in [3]). However, the
development of measurement methods and techniques allowed to be more spe-
cific about the presence of a discrepancy between experiment and theory
in regard to this question., The recent measurements of oxygen absorption
in decimeter waves [13] provided in particular significant excesses over
the computed absorption factor. In connection with this there are in

[13, 14] critical remarks in regard to the computation of nonresonance
absorption in the Van Vleck theory *. Quite contradictory data on the
half-widtks of O, spectral lines are brought up in literature ( see
(5,9, 12,16 — 26]) and the same can be said of the equivalent path length
of radiowaves in oxygen {11, 27 — 32]. We shall pause only at separate
guestions of oxygen absorption spectrum description, currently under dis-
cussion, Details on Op molecule and its spin-rotational spectrum can be
borrowed from [4, 32 — 35]). We shall denote in the following by K__ the
transitions J + 1 - J and the transitions J+ 1 - J — by K ; the
respective resonance frequencies will be denoted by Vg  and VK, and the
half-widths — by 8Vyx_ and Avg., (K being the quantum number of the
azimuthal moment of nucleus' guantity of motion, J is the quantum number
of the total moment of the quantity of motion of the molecule).

1. Amongst peculiarities of the considered absorption spectrum
of O is the comparatively small scattering of resonance frequencies
Vit , lying in a narrow band §v = 10 cps, centered near v= 60 cps**.

¢ The experimental results of [15] exceeded the computed by nearly a factor
of 2 [4] at A = 20cm, However, the work [15] is not free from shortcomings
in regard to measurement method.

** We have in mind all the transitions to K= 49 except 1. . The transi-
tions with K >29 did not contribute notably to absorption because of low
population of the levels at heights & <20km, where the spectral lines of
0o already allowed. At heights z= 30km the absorption factor of atmosphere
oxygen exceeds the corresponding values in the minima by a factor of 2 and
more even in peaks of weak lines with K =~ 45. It is author's [36] opinion
N ap— co——




and the presence of nonresonance absorption ®* . The first circumstance is
conditioning the overlapping of spectral lines at pressures P >30mmHg.,
and it explains the fact that the linear extrapolation AVK!_—vP of lines'
half-widths, measured at low pressure ( P =2 2~ 10mm Hg), leads to over-
rated values of &g+ at P= latm by comparison with the estimates of bog +
by the magnitude of the measured absorption at P == 1 atm.**. In order to
coordinate the contradictory data on the half widths of spectral lines

{5, 9, 12, 16 — 26], an assumption is made in a series of latest works

(8, 12, 38] on the nonlinear dependence of Avg + on P. At present, there is
still no gquestion of speaking in terms of exact description of this depen-
dence, but its rough apvroximations were already utilized in the computa-
tions of [8, 12]. Note, however, that in the work [8] =211 the nonlinearity
amounts to dependence on pressure ratio B(P) = Go,n,/00,-0. (0 being the col-
lision cross section). Meanwhile, there ismo basis ior such an assumption
within the framework of the theory  of binary collisions, according to

which P should not be dependernt on pressure, Fulfillment of the correlation
Av g+ ~~ P ought to be expected in the pure oxygen if assumptions of [8]
are retained, for all P, at which triple collisions could be neglected,
although spectral line overlapring takes place even in that case. ***

[continued from * preceding page] ... that temperature fluctuations at
heights ® 30 km may change the population levels of O, molecules, that
even weak lines, such as, for example, \’27_become observable in the tellu-
ric spectrum of the Sun.

* Ve make use of the generally accevted terminology '"monresonance absorption®
though from the physical essence this term is not accurate (see [14]).

** According to measurements of [19, 21] and also to computations after the
Anderson theory [21], the mean value of the ratio QV%as/ P in pure oxygen is
(Avg+ /P)ayer = 1495 me/mm Hg ; hence, taking into account the small diffe-
rence of the effective cross section of collisions 0, — from that of
0 — O, (according to a series of measurements [21, 37] their ratio is

=~ 0.90), and the correlation Avy+ ~ P, we obtain at P=1 atm in the air
Avy + 2 1.35-10%cps (0.045 cm~1), That is by a factor of ~ 2 greater than
wouE&' follow from measurements of [5, 9, 12, 16].

*** Qualitatively, the nonlinear dependence Avyg . (p) can be explained,
by consicdering interaction of two standard mode s of avsorbing molecules —
harmonic oscillators.




All the available data on oxygen absorption in the atmosphere
(see below), as well as in its pure ctate (see [39]), can be interpreted

by estimating the factor ay + in the expression
Avgs = ax+P (0,21 4 0,78p) (T'/ 300) ™k« (1)

from the work [2], as being dependent on P.

The following empirical formula is proposed in the work [12] for
the deséription of the dependence A"K‘.’: (P), obtained from observations of
oxygen absorption in the region v = 58— 62cps at several pressures:

~ 760 290 0.9 ‘ .
Avgy =1,9-10P (W) (——T——) . @

172 shzll pause below at the results of calculation of the values
of Avg+ by formulas (1) and (2). We should note here only, that the com-
parison of the measured and computed absorption factors of O in the re-
gion v =58 - 626cps only, cannot allow to determine somewhat reliably
the form of the function A"K‘.*. (P) outside the interval v = 58— 62 Gcfs

It may be seen from Fig.1l [ next page] and Fig. 6 of the work [12],

that at the very least the band v = 50 - 70 cps should be utilized for
that purpose at various pressures.

48 to the nonresonance absorption of oxygen, it is described, to
the best of our knowledge,by a Debye-type expression in all foreign publi-
cations available to us. This expression was obtained in the limit case,
at oscillator natural frequency approaching zero, by Van-Vleck-Weisskopf
[(40]. A thorough criticism of initial postulates and results of the said
authors was given in [41], and more particularly in [42] . Here it should
be stressed once more, that the limit expression, obtained in [40], has
no relation to nonresonance absorption of oxygen, for in [40] the ulti-
mate transition has been materialigzed to the case of a free electron,
whereas the nonresonance absorption of O, has an entirely different
nature [14, 39]. The fact that for describing nonresonance absorption anm
incorrect expression was used for 20 years is apparently elso explained
by the Van Vleck-Weisskopf limit expression, inhereantly wrong, having
led, at selection of the magnitude of the parameter 4V,, to a valid order
of nonresonance absorption at sea level in the Axz 3— 10 om band.
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Fig. 1. Comparison of the experimental results of [5, 21, 22, 50]
with the absorption factors computed with line shape according
to the kinetic equation at various values of (&g +)gyep, Within
the A~z 4,3~ 6.7 mm band. The experimental points are situated
either at the center or at intersections of the respective signs.
In [14] an approximate expression was obtained for the nonreso-
nance absorption of oxygen at specific idealisations, making use of the
density matrix. Empirical correlations are sometimes used for estimates

of nonresonance partsof absorption ( see, for example, [39]).




The resonance part of oxygen absorption is described in the pre-~
sent work by the usual method : the molecule is modeled by linear harmonie
oscillator with a natural frequency Yg+ and situated in an external elec-
tromarnetic field, undergoing collisions with other molecules. However,
assuming that an erroneous shape of the Van-Vleck-Weisskopf line was uti-
lized in all the preceding computations of the 'microwave spectrum of oxygen,
below, the following expression forthe spectral line is that obtained from
the solution of the kinetic equation @

_ V2 4AVK
!/ (V, 'in') - (V’K:t __vz)s + Z:V' (Avxj:)’ . (3)'

The deriving of the expression (3) is free from shortcomings of principle,
though it was made in certain idealiszations (see for details [1, &42]).

The Earth's magnetic field (Zeeman effect) and the Doppler shift do not
exert any effect on the shape of the absorption line of O, at heights

g < 40km [43, 44]. An attempt has been made in [37] to determine experi-
mentally the shape of the absorption line of oxygen, However, the latter
measurements were made near the resonance, where all the currently kncwn
spectral lines are close to one another. That is why, no choice of any
shape can be made amongst absorption lines, based upon the results of the
work [371].

2. We made the computation of the absorption factor of oxygen
using the formula .
v[36/ 5x] = APTVEx (Friwixs + Fxpih- + Fopu?r)Ax, - (4)

where A] =2,6742; P and T are the pressure (in mm.Hg) and the absolute
temperaturej v is the frequency of the external field in giga-cps;

Ay = exp(—~BhcKXK + 1)/ KT) ; the rotatiocnal constant of the oxygen mole-
cule BE= 1,44 cn'lg h, ¢, k are the Plank constant, the speed of light amnd
the Boltzmann constant, respectively ;

uxs?= K@K +3) [ (E+1); px2= (K+1) 2K —1) / K;
br? =2(K2 + K + 1) (2K + 1) / K(K +1); -

for the line shape obtained from the solution of the kinetic equation

Fre = bves®Avsl [(vies? — v?)? + 42 (Aves)?].
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In the nonresonance term of (4)
an = APTvExFopxlAx

it was postulated

Fo=Av/ (v + Ave®) ¢ Avo= 0.6 ¢cps 3
at such assortment of the value of A4v, the nonresonance term describes
not too badly the absorption in the 8 — 30 mm band, though, as already
noted above, such description methods induce objections of principle®.
In the calculation resonance frequencies g +y borrowed from [45] (see
also the Table 1 from [39]), were utilized. At K 23, the frequencies
referred to were computed in [25, 4#6] and are found in good agreement
with the measurements of [18, 20, 25, 46], the discrepancies not exceeding
0.003%. The circumstance noted permits to hope for a high degree of pre-
cision of frequencies vK+’ computed at 25 € K { 49, which were not
measured. A hypothesis is made and "substantiated" in a series of foreign
publications [47 = 49] about a decrease of resonance frequencies of Op
with pressure increase in pure oxygen. But the shift of resonance frequen-
cies of O, must also be noticeable in the atmosphere oxygen, provided it
occurs at oxygen concentration to 100%, for the short-range molecular
interactions (London dispersion, exchange forces), being nearly identical
in both cases, lead to effective collision cross sections close to one
another ( B ~ 0.90) [21, 37). However, it is shown in [39], that there is
in fact m; basis to estimate the frequencies Vi, as dependent on pressure
P, at least to P2~ 7— 8 atm.

The quantity Avgs was computed according to (1), the valune off
teing assumed equal to 0,90 [21, 37]; the temperature factor ngt was
taken equal to 0,85 for all transitions, as the average result of measure-
ment for five spectral lines of‘ 0, [24], and the mean value of (x K: daver.
was picked up from the comparison of the computed absorption factor with
the experimental one in the region A== 4.3 — 6,7mm (under normal condi-

tions the nonresonance absorution in this band is neglectingly small),

® In wavelengths lem <X X 3ecm, the nonresonance absorption yYpy, come -
puted as indicated, constitutes no less than 35% of the total absorption

Y in oxygen, and in the band X > 3cm, it defines fully the absorption fac-
tor of O,, In the region of minimum oxygen absorption Yy =< 3mm (see Fig. 2)
the ratio Ypp /Y ~z 0.02, in wavelengths A < 2.4mm it is > O.4. In the
peaks of absorption (A~ 5mm)and ~ 2.5mm) we have respectlzg%x. fext page)




By the method of least squares we found the optimum value of ( OCK-z.) as

being equal to 1,17 mc/mmHg at P = 760 mm Hg, which corresponds to -
(Mg + gy = 0.81 giga-cps = 0,027 em~l (see Fig.1l), For the line 1. it
vas assumed fj_ = 2.064 me/mm Hg [21] (the nearest lines are remote from
Al.x 2,53mm), which corresponds under normal conditions to Avl _=1,43 eps.
The last result coincides with the value measured in [23]. From formula (2)
in the region Ao 5mm at P = 7260mm Hg and T = 300°K it follows that
Av = 0.70 giga cps = 0,023 cm~1, But the authors of [12] utilized in the
calculation of the absorption factor of O, the Van Vleck-Weisskopf formula
which, as already noted above, leads to a somewhat different value of
(uKi )av than the line shape from the kinetic equation, though in resonance
both formulas differ little from one another **, The optimum value of (an)
found by us for the shape of the Van Vleck-Weisskopf line at P = 760mm Hg
and T = 300°K, gives (&vg +),, =0.032 cm~l. Such discrepancy in the results
for one and the same shape of the line (0.023 and 0,032 en"l) should be
entirely ascribed to the degree of carefulness in the determination of the
corresponding parameters. Let us stress once more that at finding the opti-
mum value of (QK + )av we made use of the method of least squares and we
took into account the experimental data in the region v ~~s 50 = 70 cps.

It was unanimously estimzted that the quantity (AVK:) av did not
exceed 0,02 cm'l under standard conditions, Tolbert & Straiton [9], whose
experimental data contributed to a significant extent to the verification

av

of the theory of molecular absorption of Op, held down also to that opinionm.
However, as the experimental material accumulated, it became possible to
make the value of (Avy +) ,, more precise, It is now estimated, that at
standard conditions (Avg+ ),y > 0.02 en~l [5, 12]. But, careful compa-
rison of the measured absorption factor of O, with that computed according
to the kinetic equation - given line shape, gives, as already seen, the
value (AVy,) _ =0.027 em™ 1,

We considered above only the main isotope of the oxygen molecule,
016016, Since the percent content of isotopes 016017, 01501 and 018018
in the atmosphere is less than one perc. of the total oxygen content [51]
and their resonance frequencies differ insignificantly from the resonance
frequencies of 016016 (52, 53], we may neglect the influence of oxygen

(continued from p.7) .. Ypr/Y=0.0007 & Ym./vz 0.007.The figures brought
up allow a qualitative appraisal of the inaccuracy in the range of the compur
ted factor because of incorrect accounting of nonresonance absorption.
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isotopes upon the atsorption factor of centimeter and millimeter radio-

waves without noticeable error.
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it may be seen from Fig.,2 that the absorption factors of 0,
computed with different shapes of spectral lines, diifer little among
themselves at A > 2.,3mm (cf. with the corresponding calculations for
water vapor [1]). As a consequence of that, the experimental results
of [12] in the frequencies v =58—62@as (YA = 1,93—2,07 cx~!) and in the
region V 2 65 cps satisfy to an identical degree the absorption fac-
tors computed in this work and in [12], though at description in the
latter of the absorption spectrum of Oy, a series of inaccuracies had
been admitted (see above). The discrepancy between the computed (so0lid
line) and the measured absorption in the region ) =~ 3mm , is possibly
the result of incorrect accounting of the nonresonance atsorption. The
results of computations in the regions A < 2,4 mm and A 2 3 cm are
unreliable for the same reason. In particular, the experimental fesults_
of [54] in A 2 2.18 and 1.33 mm exceed the computed data by almost one
order®*. In wavelengths A < 2mm the absorption in the atmosphere in
standard conditions is determined by the rotational spectrum of water
vapors [1 - 3]. The aggregate absorption factor of the atmosphere in
centimeter and microwaves is represented in Fig, 4 of the work [3].

3. In [27], the equivalent path length of radiowaves in oxygen (H)
for the exponential model of the atmosphere and in absorption minima was
found to be 5,3lkm **. In [29— 31] the values H =2 9= 11 km were utilized,
anc¢ in [11] the value H= 1.516 km was used, while in [32], it is asserted

that H=4km, The calculations of the eguivalent path length were effected

by us according to formula
H= S 1 (2) dz/1 (0) 6)
[}

for a polytropic model of the atmosphere, as in [28] :

P—p (T,—uz &/Rx
‘\" T, ) }z<11 Kx,

T =Ty—unz

P = Pyye-di-2) :
T =T, 1w <z,

® For more details on the results of [54], see [39].

** The revision of the results of [27], undertaken in [28], is based on
the erroneous opinion of immaterialness of contribution from the upper
layers of the atmosphere (= >1lkm) to the quantity H.
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% = |dT [dz] = 6,5 d;;[pm 6 =mg/|kTy = 0,151 xn!

at mean molecular mass m = 0.151km'1

y E is

the gravitation acceleration, R -~ is a gas cons-
tant, Py; and T;; are the pressure and tempera-
ture at the height £, = 1lkm, respectively
equal to 181.6mm Hg and 228,5°K, Py and Tg

are the pressure and temperature at sea level.
The results of computation are compiled in the
adjacent Table. They corroborated the values of
H=5,1= 5.3km outside the resonance. At the
same time, a dependence of an ~ P2 * was taken,
while the numerical integration of the resonance
part of absorption in (4) was materialized on a
BESM«II conputer by the Simpson methed. In the
resonance region V -~ 56 — 64 cps,the quantity

H depends essentially on the frequency and can
take values from ~ 8 to 21 km. It has just as
high a value ( ~ 11km) near Vo 118.7 cps too.
We assumed in the course of computations, that
the quantity (“Ki )av. rises linearly from 1,17
te 1.95 Mc/mm,Hg within the range of P variation
from 270 to 20 mm.Hg. Such approximation of the
dependence &V( P), is apparently no worse than
(2), though it can not pretend to constitute a
precise descriptiorn of the above dependence.
Incidently, at other intelligent approximations of
the correlation Av(P), including the expression
(2), the difference in the respective values of
H does not exceed ~ T%.

If we admit, that the dependence of the
nornresonance absorption on pressure away from
th: resonance is described by the correlation
Yopr™ P2, as estimated above, the value of H
in the regions where the nonresonance absorption
is substantial (cm waves and waves A < 2,3mm)




will resuit near 4 ¥xm [14]. Estimates, made in [55], show a certain
dependence of the equivalent path length in oxygen on the time of the
year.
| Note, that in certain cases, at frequencies of the order of

decimal fractions of giga-cps, the ionosphere absorption [ can render
the interpretation of measurements of vertical absorption in the atmo-
sphere more complex, but for the median band of the European SSSR this
correction is small. Thus, in winter, we usually have for Gor'kiy at noon

I'/YyH~6% at A ~ 50 cm (we used for [ the value obtained from data of
{567, using the correlation D ~v=2),

CONCIUSIONS

1. By the strength of the characteristic of oxygen absorption
spectrum, the divergence of absorption factors, computed with a line shape
according to the kinetic equation, and with the erroneous shape of the
Ven-Vleck-Weisskopf line, is not too great in wavelengths ) > 2.3mm. This
divergence is most substantial in the region A\ 2 3mm (by ~ 1.8 times).

2. At standard atmospheric conditions the absorption spectrum of
O, in the A==4.1— 6.7um and A =~ 2.38 — 2.63mm bands can be quite satis-
factorily described utilizing the spectral line shape from the solution
of the kinetic equation and assuming the lines’ half-widths to be
Avg + = O.BIfg'pgsa (K % 1) and A"l = 1.43 giga-cps (see Figs 1 and 2),

3. The equivalent path length of radiowaves in the atmnsphere
oxygen (zenith) outside the resonance depends little on frequency and is
equal to 5.1~ 5.3 km for the case of polytropic atmosphere, which coinei-
des with the earlier found characteristic length of oxygen absorption for
the exponential model of the atmosphere [27]. In the resonance VY 56— 64
giga-cps and the equivalent path length depends essentially on frequency
being susceptible to attain a magnitude ranging from 8 to 21 km.

4, The unsolved problems of the theory of microwave absorption
spectrum of 02 are those about the nonresonance absorption (quantitative
aspect) and the dependences of 0Op spectral lines! half-widths on pressure.

In conclusion, we wish to extend our thanks to L. A, Rakova and
M, B. Flaksman for carrying out computer BESM~ II operatioms.
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